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THERMAL BARRIER COATING 
LIFE-PREDICTION MODEL DEVELOPMENT 
SECOND ANNUAL REPORT 


1 . 0 SUMMARY 

Thermal barrier coatings (TBCs) for turbine airfoils in high- 
performance engines represent an advanced materials technology with 
both performance and durability benefits. The foremost TBC benefit 
is the reduction of heat transferred into air-cooled components. To 
achieve these benefits, however, the TBC system must be reliable. 
Mechanistic thermomechanical and thermochemical life models and 
design data base are therefore required for the reliable exploita- 
tion of TBC benefits on gas turbine airfoils. Garrett's NASA-HOST 
Program is designed to fulfill these requirements. 

This program focuses on predicting the lives of two types of 
strain-tolerant and oxidation-resistant TBC systems that are pro- 
duced by commercial coating suppliers to the gas turbine industry. 
The plasma-sprayed TBC system, composed of a low-pressure plasma- 
spray (LPPS) or an argon shrouded plasma-spray (ASPS) applied oxida- 
tion resistant NiCrAlY (or CoNiCrAl Y ) bond coating and an air- 
plasma-sprayed yttria (8 percent) partially stabilized zirconia 
insulative layer (Figure 1-1), is applied by Chromalloy (Orangeburg, 
New York), Klock (Manchester, Connecticut), and Union Carbide 
(Indianapolis, Indiana). The second type of TBC is applied by the 
electron beam - physical vapor deposition (EB-PVD) process by 
Temescal (Berkeley, California). 

The second year of this multiyear program was focused on the 
following activities: 

o Specimen procurement 

o TBC system characterization 
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CERAMIC C0ATIN6 LAYER 

• STRAIN ACCOMMODATION 

• STABILITY IN COMBUSTION GAS 
ENVIRONMENT 

• LOW THERMAL CONDUCTIVITY 

• GOOD ADHESION AND COMPATl 
BILITY WITH OXIDE SCALE ON 
METALLIC COATING 


ADHERENT 0XI0E SCALE 


METALLIC COATING LAYER 

• FORMS ADHERENT OXIDE 
SCALE THAT INHIBITS 
OXIDATION 

• GOOD DIFFUSION STABILITY 
WITH SUBSTRATE ALLOY 


Figure 1-1. Constituents of a Thermal Barrier 
Coating System. 
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o Nondestructive evaluation methods 

o Life prediction model development 

o TFE731 engine testing of thermal-barrier-coated (TBCed) HP 
turbine blades 


The program consists of two phases. Phase I, Failure Mode 
Analyses and Model Development (Tasks I - V and A), is a 36-month 
technical effort and focuses on experimentally quantifying plasma- 
sprayed and EB-PVD failure modes and on developing engine-mission- 
analysis-capable preliminary TBC life prediction models for major 
failure modes. Task A is a GTEC-funded task providing for coating 
HP turbine blades with the specific coating systems selected for 
Phase I and conducting piggyback factory engine tests to provide 
data to verify the TBC life prediction model's accuracy. 

Phase II, Design-Capable Life Models (Tasks VI-XI and B), is a 
24-month optional effort to be exercised by NASA at the end of 
Phase I. It provides for additional experimental quantification of 
failure modes in plasma-sprayed TBCs and development of a comprehen- 
sive, mission-capable model with the desired accuracy for final 
designs. The mission-analysis capability of the TBC life model will 
be validated with analyses of multitemperature burner rig tests and 
factory test engine experience. In addition, GTEC-funded Task B 
provides for applying TBC systems that were successfully factory- 
tested in Task A to HP turbine blades. These blades will be made 
available for piggyback field engine tests. Available field test 
data will also be used to validate the TBC life models. Design cap- 
abilities of the TBC life analysis procedures will be applied to the 
design analysis of a high-performance thermal-barrier-coated (TBCed) 
HP turbine component. 

Tasks I, II, IV, and A were active during this reporting period 
and encompass specimen procurement, data acquisition to calibrate 
and verify the materials life models, development of component life 
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models, NDE methods, and piggyback engine testing. These subjects 
are reviewed in the following sections. 
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2 . 0 INTRODUCTION 

Thermal barrier coatings (TBCs) for turbine airfoils in high- 
performance engines represent an advanced materials technology that 
has both performance and durability benefits. Foremost of the TBC 
benefits is the reduction of heat transferred into air-cooled compo- 
nents. To achieve these benefits, however, the TBC system must be 
reliable. Mechanistic thermomechanical and thermochemical life 
models and a design data base are therefore required for the relia- 
ble exploitation of TBC benefits on gas turbine airfoils. This 60- 
month program is designed to fulfill these requirements. 

GTEC strategy for this program comprises the following objec- 
tives : 

o Development of mission-analysis-capable thermochemical and 
thermomechanical TBC life models that recognize and 
account for all significant mission, engine, and component 
design factors. These parameters include temperature, 
time, six TBC strain components, turbine pressure, and 
aircraft altitude (salt ingestion). 

o Development of rapid computation approaches for estimating 
TBC life during preliminary design iterations. 

o Development of a comprehensive TBC life model to provide 
the desired accuracy for final component designs. 

o Obtaining design data for plasma-sprayed and electron beam 
evaporation - physical vapor deposition (EB-PVD) TBC sys- 
tems produced by commercial suppliers to the gas turbine 
industry; i.e., Chromalloy, Klock, Union Carbide, and 
Temescal . 
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Materials testing in this program is approaching completion. 
Thermomechanical characterization of the TBC systems, with tough- 
ness, and spalling strain tests, has been completed. Modulus test- 
ing is in progress. Thermochemical (burner rig) testing is approx- 
imately two-thirds complete. 

Three failure modes - bond coating oxidation, zirconia sinter- 
ing (toughness reduction), and molten salt film damage, have been 
observed to govern TBC life. Preliminary materials life models for 
the first two of these failure modes have been developed. Integra- 
tion of these life models with airfoil component analysis methods is 
also in progress with the goal of predicting TBC life in terms of 
engine, mission and materials system parameters. 

Eddy current technology feasibility has been established with 
respect to nondestructively measuring zirconia layer thickness of a 
TBC system. 

Testing of high pressure turbine blades coated with the program 
TBC systems is in progress in a TFE731 turbofan engine. Data from 
this test will be used to validate the TBC life models. 
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3.0 TBC SYSTEMS AND SPECIMEN PROCUREMENT 

The objective of this program is to develop life prediction 

methods for plasma-sprayed and EB-PVD TBC systems. This effort is 
focused on the following TBC systems applied by four commercial sup- 
pliers: 

Chromalloy - NiCrAlY (LPPS) + 8 percent Y 2 O 3 stabilized Zr 02 

(APS) 

Klock - NiCrAlY (LPPS) + 8 percent Y 2 O 3 stabilized Zr 02 (APS) 

Union Carbide - CoNiCr A1Y (ASPS) + 8 percent Y 2 O 3 stabilized 

Zr0 2 (APS) 

Temescal - NiCoCr A1Y (EB-PVD) + 20 percent Y 2 O 3 stabilized Zr 02 

(EB-PVD) 

Compositions and microstructures of these TBC systems are reviewed 
in the following paragraphs. 

Low pressure plasma-spray (LPPS) and argon shrouded plasma- 
spray (ASPS) processes were used to apply oxidation-resistant bond 
coating. The insulative 8 percent Y 2 O 3 - ZrC >2 layers were applied 
by air plasma-spray (APS). Specimens were coated using the fixed 

(proprietary) processes of Chromalloy Research and Technology in 
Orangeburg, New York, Klock in Manchester, Connecticut, and Union 

Carbide, in Indianapolis, Indiana. Microstructures of the 

Chromalloy, Klock and Union Carbide plasma-sprayed TBC systems are 
provided in Figures 3-1, 3-2, and 3-3, respectively. 

EB-PVD coatings were applied by Temescal in Berkeley, 

California using their established (proprietary) fixed process. The 
EB-PVD TBC system featured a columnar grained EB-PVD applied yttria 
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Figure 3-2. Pretest Microstructure of Klock Plasma-Sprayed 
Ni 31Cr-llAl-o.5Y Plus Y 0 3 (8 Percent) Stabilized ZrO_ 
Thermal Barrier Coating System, 200X Magnification. 2 
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Figure 3-3. Pretest Microstructure of Union Carbide 
Plasma-Sprayed 39Co-32Ni-21Cr-8Al-0 . 5Y Plus Y 2 0 3 (8 
Percent) Stabilized Zr0 2 Thermal Barrier Coating System, 
200X Magnification. 
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(20 percent) fully stabilized cubic zirconia insulative layer on top 
of a Ni-23Co-18Cr-llAl-0 . 3Y EB-PVD oxidation resistant bond coating. 
The microstructure of the EB-PVD TBC system is provided in Figure 
3-4. 

Capabilities of these TBC systems are being established on sev- 
eral types of specimens machined from Mar-M247 superalloy castings. 
The composition of this alloy is provided in Table 3-1. The cast 
Mar-M 247, which is used in the equiaxed and directionally solidi- 
fied conditions for turbine airfoils, was selected for all specimens 
because of its stability at elevated temperature for long exposure 
times. Burner rig test specimen, cohesive/inter facial strength and 
toughness specimens, thermal conductivity samples, tension and com- 
pression spalling strain samples, and the modulus specimen are shown 
in Figures 3-5 through 3-9. The cohesive strength specimen was also 
used for evaluating nondestructive evaluation ( NDE ) feasibility. 

TABLE 3-1. COMPOSITION OF MAR-M247 SUPERALLOY (WEIGHT PERCENT) 




Zr C B Ni 

0.055 0.15 0.015 Balance 


The solid Mar-M 247 spalling strain specimens were used to 
replace IN718 tube specimens [1]*, which were prone to wall thick- 
ness variations, buckling concurrent with zirconia spalling in com- 
pression, and metallurgical instability during post-coating exp- 
osures at high temperatures. 

*References are listed at the back of the text. 
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.ORIGINAL PAGE 18 
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Figure 3-5. Burner Rig Specimens are Used to Calibrate 
Environmental Life Model. 



Figure 3-6. Cohesive (Interfacial) Strength and Toughness 
Specimen is used to Obtain Fracture Mechanics Data. This 
Specimen is also Used for NDE Feasibility Studies. 


21-5988 

13 



GARRETT TURBINE ENGINE COMPANY 

* DIVISION OF THE GARRETT CORPORATION 
PHOENIX. ARIZONA 



G5-0096-1 1 


NO. 67 DRILL (0.8 mm) 
3 THRU HOLES 



Figure 3-7. Thermal Conductivity Specimens are used to 
Quantify Heat Conductance of Thermal Barrier Coating 
System. 
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ORIGINAL page 13 
iDE POOR QUALITY 



TENSION 



COMPRESSION 


Figure 3-8. Solid MAR-M 247 TBC Coated Samples were used 
to Obtain the Spalling Strain Data for the Chromalloy and 
Temescal TBC Systems. 
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Figure 3-9. Modulus Data for the ZrO and Bond Coat were 
Determined with a Thin Wall Sample Maae of MAR-M 247 . 
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4.0 TBC SYSTEM CHARACTERIZATION 

In preparation for the development of thermomechanical and 
thermochemical models for TBC life, the TBC systems are being char- 
acterized for strength and toughness, tensile and compressive spall- 
ing strains, oxidation and molten salt film damage, and thermal con- 
ductivity. In addition, feasibility is being assessed for NDE meth- 
ods to quantify TBC thickness, flaw sizes and insulative capability. 
The status of these investigations is reviewed in the following par- 
agraphs . 

4 . 1 TBC Strength and Fracture Toughness 

Biaxial compressive stresses within the plane of the zirconia 
coating result in tensile stresses within the zirconia perpendicular 
to the plane of the ceramic-metal interface. Zirconia layer spall- 
ing can occur when these stresses exceed critical values, which are 
flaw size dependent. 

In order to predict the viability of a TBC system, it is neces- 
sary to quantify the strength and toughness (flaw size dependence of 
strength) of the zirconia layer (plasma sprayed TBCs) or the zircon- 
ia-bond coating interface (EB-PVD TBCs). Therefore, a series of 
bond strength tests, with and without artificial flaws at or near 
the interface were conducted to obtain the required data. Toughnes- 
ses of the zirconia or z i rconia-bond coating interface were deter- 
mined in both the as-received condition and after thermal exposures 
at high temperatures (1100 and 1150C) characteristic of turbine 
engine applications. 

Cohesive strength data for the plasma-sprayed zirconia were 
obtained by epoxy bonding TBCed bond specimens (Figure 4-1) into 
threaded pull rods and loading to fracture in a universal tensile 
test machine. Fracture toughness of the zirconia was obtained by 
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FRACTURE SURFACE 




IMBEDDED 
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Figure 4-1. Cohesive and Interfacial Toughness of TBC 
System can be Quantified with Modified Bond Strength Test. 
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briefly interrupting coating and incorporating an artificial (vacuum 
grease) flaw of known diameter into the zirconia coating layer and 
testing in a similar manner. The fracture toughness relationship 
for a penny-shaped crack in an infinite body subjected to uniform 
tension. 


Kjc = 2 //tt Of /c/2 


( 1 ) 


where Of is the fracture strength of the flawed specimen and c is 
the flaw diameter, was used to estimate the fracture toughness of 
the yttria partially stabilized zirconia layer. 

Cohesive toughness data were obtained with the Chromalloy and 
Union Carbide specimens in several "pre-test" conditions, which 
included short post-coating heat-treatments, and after longer expo- 
sures at 1100 and 1150C. Post-test visual examination confirmed 
that the artificial flaw within the zirconia layer initiated the 
preliminary crack. As indicated in Figure 4-2, crack propagation 
typically remained within the zirconia layer for all of the 
Chromalloy specimens and for Union Carbide specimens with shorter 
exposures at 1100 and 1150C. For Union Carbide specimens exposed 
for longer times ( 300 hours at 1100C and 30 hours at 1150C), the 
cracks propagated only a short distance within the zirconia before 
the crack path changed to the oxidized interface. The change in 
crack path is illustrated in Figure 4-3. This result is thought to 
imply that the toughness of the oxidized interface has become lower 
than the zirconia layer. In contrast, flaw propagation remained 
within the Chromalloy zirconia layer for the range of thermal expo- 
sures investigated. 

An engine mission analysis capable fracture mechanics approach 
to predicting zirconia spalling stresses requires that the zirconia 
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Figure 4—2 . An Artificial 6— mm— Diameter Flaw Initiated 
Fracture in the Zirconia Layer of a Chromalloy Coated 
Cohesive Toughness Specimen. 
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3 Hours at 1100C 
Kic = 1.05 MPa V m 
Specimen: U15K6-18 


300 Hours at 1100C 
Kic = 0.62 MPa 
Specimen: U15K6-10 


Figure 4-3. Longer Exposure Times Favored Crack 
Propagation Along the Oxidized CoNiCrAlY/Zirconia 
Interface. 
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toughness be quantified as a function of high temperature exposure 
time and temperature. It is also desirable that acceptable varia- 
tions in zirconia processing, composition and microstructure be 
included in the toughness data base. Therefore, zirconia fracture 
toughness data for both Union Carbide and Chromalloy TBC systems are 
shown as a step function of exposure time at 1100C and 1150C in Fig- 
ures 4-4 and 4-5 respectively. Although other functional relation- 
ships may be possible to represent these data, the step function is 
preferred since it facilitates component analysis as a function of 
exposure time and temperature. Combining the data for Chromalloy 
and Union Carbide TBC systems also permits effects of production 
source variations to be assessed from a data scatter standpoint. 

Pretest and shorter time exposure data (both 1100 and 1150C), 
which had relatively high values of toughness, were used to estab- 
lish the typical and typical minus 2 standard deviations values for 
the upper shelf. Longer exposure time, lower toughness data were 
similarly analyzed to estimate the typical and typical minus 2 stan- 
dard deviations values for the lower shelf. Transition from the 
upper to lower shelf values of toughness were analyzed as an assumed 
linear relationship between temperature and the logarithm of transi- 
tion time. Transition times are currently shown as vertical lines. 
However, a more gradual transition between the upper and lower shelf 
values of toughness may be more realistic. The analytical expres- 
sion for toughness that will be utilized for preliminary design 
modeling is as follows: 

K lc = 0.91 + 0.235 tanh (exp [ -0 . 041 (T+273 ) +61 . 15 ] -t) MPa /m (2 


where T is the temperature in C and t is the time in hours. 

No significant differences were observed between the toughness 
data for the Chromalloy and Union Carbide zirconia after exposures 
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TIME AT TEMPERATURE. HR 


Figure 4-4. Fracture Toughness of Plasma Sprayed Yttria (8 
Percent) Stabilized Zirconia is Reduced After Long 
Exposures at 1100C. 
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Figure 4-5. Fracture Toughness of Plasma Sprayed Yttria (8 
Percent) Stabilized Zirconia is reduced After the Longer 
Exposures at 1150C. 
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at 1100C. On the other hand, the Union Carbide coatings had higher 
toughness after exposure at 1150C than the Chromalloy TBCs. (If the 
flaw was placed at the oxidized interface, however, the ranking 
would be expected to reverse.) 

Cohesive strength tests were also performed on the Chromalloy 
and Union Carbide TBC systems using specimens without artificial 
flaws in order to obtain an estimate of the inherent flaw size pre- 
sent within the TBC system. In most instances failure occurred 
within the epoxy rather than the zirconia when artificial flaws were 
absent. In several instances, however, cracking did initiate within 
the zirconia layer adjacent to the bond coating interface, as indi- 
cated in Figure 4-6. Re-arranging the fracture mechanics relation- 
ship (equation 1) permitted an effective circular flaw size to be 
calculated, which was under 2.8 mm in diameter in all cases. (In 
reality, actual flaws present within the zirconia layer are probably 
a few closely spaced microcracks that can easily link-up rather than 
a single circular flaw.) 

Cohesive strength and toughness tests conducted with the Klock 
TBC system were inconclusive because the epoxy wicked completely 
through the zirconia to the NiCrAlY/zirconia interface. The epoxy 
wicking problem was attributed to a greater amount of interconnected 
porosity in the Klock specimens. In an effort to eliminate epoxy 
wicking through the Klock zirconia, several specimens were sprayed 
with an additional 250 pm of zirconia prior to bonding. A small 
amount of cobalt aluminate (about 0.1 percent) was added to the 
additional zirconia layer to provide a sufficient color difference 
to distinguish between the Klock zirconia and the added layer. 
Unfortunately, visual examination of the specimens indicated that 
the vacuum grease flaws within the Klock specimens did not initiate 
the crack which led to specimen failure. Instead, the primary crack 
seemed to initiate at the edge of the specimen in the doped zirconia 
coating or at the interface between the doped zirconia/Klock 
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Figure 4-6. Cohesive Strength Failures of Chromalloy TBC 
System Occur Adjacent to the NiCrAlY/Zirconia Interface. 


21-5988 

26 



P-472:0622 



GARRETT TURBINE ENGINE COMPANY 

A DIVISION OF THE GARRETT CORPORATION 
PHOENIX ARIZONA 


zirconia layer. None of the unflawed specimens failed within the 
Klock zirconia layer. 

Failure of the Temescal EB-PVD TBC system typically initiates 
within the interfacial zone between the NiCoCrAlY bond coating and 
columnar zirconia layers. This one to four micron-thick zone con- 
sists of the oxidation resistant alumina scale and a relatively 
dense, non-columnar zirconia layer, which is less than 2 microns- 
thick when the coating is properly processed. 

In order to characterize the toughness of the EB-PVD TBC sys- 
tem, 1 and 3 mm diameter carbon dots were sputtered onto the 
NiCoCrAlY layer, which formed an artificial flaw, prior to deposi- 
tion of the zirconia layer. Specimens were then tested in the as- 
received and thermally exposed conditions in an equivalent manner to 
that of the plasma sprayed TBC systems. 

Unfortunately, the flaw sizes selected were, in most cases, 
insufficient to initiate interfacial failure before the epoxy 
failed. 

Only two specimens failed at the NiCoCrAlY/zirconia interface. 
Calculated interfacial toughnesses were 1.9 and 1.6 MPa /m after 1 
and 30 hour exposures at 1150C. All other tested specimens failed 
at locations other then the interface, which is consistent with high 
toughness. In a GTEC R&D study in which 4 mm diameter flaws were 
used, about 75 percent of the specimens produced useful toughness 
data. Values were similar to those obtained in this program. Six 
mm diameter flaws have been successfully used in an Air Force spon- 
sored program ( F33615-85-C-5155 ) . As-received toughnesses for this 
system were slightly greater than 2 MPa /m in this program. 

Six of the specimens exposed at 1150C had the zirconia layer 
spall during the thermal exposure. The inner half of the zirconia 
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thickness was almost transparent and appeared to be of high density. 
Microstructural examination of a specimen indicated that the colum- 
nar grains were sintering together. 

All six of these specimens had been coated concurrently. A 
review of process records at Temescal indicated that the oxygen flow 
rate had been only 30 to 50 percent of that normally used to main- 
tain zirconia stoichiometry. It is thought that the slightly oxygen 
deficient zirconia absorbed oxygen and expanded during the 1150C 
exposure, which put the columnar zirconia grains into compressive 
contact, facilitating sintering and subsequent spalling. 

4 . 2 Zirconia Spalling Strain 

In service, a TBC system will be exposed to both compressive 
and tensile strains at different points of a mission cycle. Conse- 
quently, the strain capabilities of the plasma sprayed and EB- PVD 
TBCs were determined at room temperature and 1000C to establish the 
strain tolerance of each system. 

Spalling strain tests were performed in both tension and com- 
pression using the solid Mar-M 247 specimens shown in Figure 3-8. 
Initiation of spalling was determined visually. Data from these 
tests are discussed in the following paragraphs. 

Plasma sprayed TBCs applied by Chromalloy were tested in the 
as-received condition and after 10 hour exposures in air at 1100 and 
1150C. The zirconia thickness for most of these tests was 125 ym, 
but in three instances the thickness was increased to 250 ym. 

No significant differences in the spalling strains with respect 
to the post-coating heat treatment and thickness of the ZrC >2 layer 
were observed. However, the spalling strain increased substantially 
with test temperatures, as indicated by the 1000C data, as shown in 
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Figure 4-7. From a design standpoint, low temperature compression 
spalling strains were the most limiting. The mean value of the 
nineteen room temperature compression spalling strain data is 1.09 
percent and the mean-3 sigma value is 0.5 percent compressive 
strain. Compression cracking was detected prior to actual spalling; 
mean and mean-3 sigma values for compression cracking strain were 
0.91 percent and 0.48 percent, respectively. Therefore, the safe 
amount of compression in the Chromalloy TBC system is about 0.5 per- 
cent . 


Results from the 1000C tension tests indicated that zirconia 
spalling occurred at a mean strain of 2.97 percent. Delamination of 
the NiCrAlY bond coating was observed in the tensile tests conducted 
at room temperature. Low values of zirconia spalling are associated 
with this unexpected occurrence. In previous tensile tests of tube 
specimens, zirconia spalling was not observed when the NiCrAlY 
remained bonded to the substrate. 

Results from the IN 718 tube specimens [1] were in general 
agreement with the solid specimen data. The zirconia layer of the 
Chromalloy and Klock TBC systems did not spall when the specimens 
were pulled in tension. Numerous parallel tensile cracks were 
observed in the zirconia prior to specimen failure. This is shown 
in Figure 4-8. These cracks originated in the NiCrAlY bond coat and 
propagated into the zirconia layer (Figure 4-9). All of the com- 
pression specimens reached a strain of 0.85 or higher (1.5 percent 
average) prior to specimen buckling and zirconia spalling, which 
were typically concurrent. 

Spalling strain testing was also conducted with Temescal's 
EB-PVD NiCoCrAlY/yttr ia stabilized zirconia TBC system. All of the 
EB-PVD TBCs had zirconia thicknesses of 125 microns. Unexpectedly, 
the average strain to spall the ZrC>2 layer in the room temperature 
compression tests was only 0.31 percent. The EB-PVD ZrC>2 did not 
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Figure 4-7. The Spalling Strain of Chromalloy's TBC System 
Increased with Test Temperature. 
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spall at 5 percent strain in the 1000C compression tests; however, 
the Zr02 subsequently spalled during cool down on 2 of 3 samples 
tested at 1000C. In tension, 1.95 percent was the mean value of the 
strain required to spall off the zirconia in both the room tempera- 
ture and 1000C tests. 

Based upon previous data for EB-PVD zirconia coatings reported 
by Sheffler [2], the low room temperature compression spalling 
strain were unexpected. Subsequent review of processing records at 
Temescal indicated that difficulties had been encountered during 
initial coating of the specimens and that the zirconia had been 
stripped and then recoated. It is speculated that this processing 
anomaly may have resulted in a marginally adherent alumina scale. 

(It has been observed that initially formed alumina scales on 
NiCoCr A1Y coatings are the most adherent. Also, initial oxide scale 
growth can result in yttrium depletion of the adjacent 50 microns of 
the NiCoCrAlY . If the initial oxide is stripped from the surface, 
there may be insufficient yttrium in the coating to promote the 
required adhesion of the subsequently formed alumina scale.) 

After reviewing these data, Temescal stripped the compression 
specimens to the Mar-M 247 substrate and recoated the specimens. 
The process was slightly modified in that the NiCoCrAlY coating was 
lightly vapor honed after glass bead peening to remove any glass bead 
debris. Testing of these specimens indicated that the room tempera- 
ture compression spalling strain increased to 1 percent, which is 
comparable with Sheffler 's EB-PVD zirconia data [2] and the Chromal- 
loy plasma sprayed zirconia data. A comparison of the zirconia 
spalling-strain data between Chromalloy's plasma-sprayed and 
Temescal 's EB-PVD TBC systems is provided in Figure 4-10. 
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4 . 3 Burner Rig Tests 

A preliminary design model for predicting TBC life must be cap- 
able of rapid iteration in order to be a viable tool. Therefore, 
the Phase I preliminary design model is being tailored to be driven 
primarily by thermal analyses, engine cycle data and the planned 
flight spectrum for the aircraft. Stress analysis is intentionally 
limited, during these early design iterations, to verification that 
the TBC can survive a severe transient snap acceleration-decelera- 
tion cycle (i.e., idle to full power to idle with no intermediate 
power dwells). 

Burner rig tests are the primary means for calibrating the pre- 
liminary design TBC materials models that quantify the thermally 
driven damage modes. Effects of bond coating oxidation and zirconia 
densif ication upon the time required to spall the zirconia layer are 
quantified with burner rig tests conducted in the 1020 to 1170C tem- 
perature range. Condensed molten sulfate salt films can be present 
upon the surface of a TBC when temperatures are below about 950C for 
aircraft operating in a predominately marine environment, such as 
maritime surveillance. Therefore, burner rig tests were conducted 
in the range of 780 to 935C to assess the significance of molten 
salt film damage with respect to zirconia layer spalling. 

These tests were conducted in GTECs Mach 0.3 burner rig facili- 
ty, which concurrently tests eight to twelve specimens in a carou- 
sel. . The test cycle was typically 27 minutes in the burner's 
exhaust followed by 3 minutes of forced air cooling. In one 1020C 
test, a shorter test cycle was employed (4 minutes hot plus 2 min- 
utes forced air cooling) in order to assess cycle duration effects 
on TBC life. Coating thicknesses were typically 125 microns of bond 
coating and 125 microns of yttria stabilized zirconia for all sys- 
tems. Specimens were examined visually twice daily for zirconia 
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spalling. A TBC was considered to be failed when 0.5 cm 2 of zir- 
conia had spalled in the hot zone of the specimen. 

Temperatures of the specimens were controlled by an optical 
pyrometer. Several times during a test (initially daily), the pyro- 
meter was calibrated into agreement with two centerline thermocoup- 
les inserted into the hottest portion of two bars (middle of the 
heat tint pattern). Calibration of the optical pyrometer was always 
performed after steady-state metal temperatures and burner condi- 
tions were achieved. A subsequent survey indicated that, due to a 
hearth effect, a small gradient was present in the bars from the 
outside of the carousel to the inside, with the inside surface being 
about 20C hotter than the centerline thermocouple; similar results 
were reported by Sheffler and DeMasi, who are conducting comparable 
burner rig tests under contract NAS3-23944 [3]. 

Burner rig data for the plasma sprayed and EB-PVD systems are 
summarized graphically in Figures 4-11 and 4-12, respectively, for 
tests conducted with the 27 minutes hot plus 3 minutes forced air 
cool cycle. The scatter observed in Figure 4-11 is indicative of 
what might be anticipated for multiple production sources for a cur- 
rent generation plasma sprayed TBC. Similar scatter might be expec- 
ted in Figure 4-12 if current generation EB-PVD TBC systems from 
different suppliers were tested. 

Three damage mode regimens are indicated in these graphs. In 
the lowest temperature (780 to 945C) tests, the presence of salt 
deposits reduced the spalling life of the TBC systems. Oxidation of 
the bond coating was associated with TBC spalling at temperatures 
above 1000C. At still higher temperatures, zirconia densif ication 
(sintering) further accelerated TBC degradation. 

Data were also obtained for a rapid (4 minutes hot plus 2 min- 
utes forced air cool) burner rig cycle at 1020C to assess the effect 
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of cycle length on TBC life. Data from the 1020C tests with 4 and 
27 minutes of hot time per cycle are shown graphically in Figure 4- 
13 and compared with 1100C data reported by Miller [4]. These data 
indicate that the shorter cycles result in a slightly reduced life 
over the temperature range of 1020 to 1100C. Sheffler and DeMasi 
[5] reported similar trends were observed over the interval of about 
1100 to 1170C. 

A typical aircraft engine mission cycle will have dwell periods 
of varying durations at several different temperatures; for example, 
a few minutes at take-off power, perhaps 10 minutes at climb power 
and 0.5 to 5 hours at cruise power. Therefore, in order to analyze 
burner rig data obtained at different cycle periods as well as pre- 
dict TBC spalling for engine mission cycles of various lengths, the 
following cycle length correction factor was developed: 

Coating life^ = (Burner rig test life) ( t i 0 • 2 ^ + 0.181), (3) 


where ti is the increment of hot time in hours and the burner rig 
test life is for the 27 minutes hot and 3 minutes forced air cool 
cycle. The cycle period correction term equals one when there is 27 
minutes of hot time per cycle. 

Examination of the Chromalloy and Klock plasma sprayed coat- 
ings, which had lives greater than about 100 hours at the higher 
temperatures, confirmed the presence of significant bond coating 
oxidation at both the zirconia-bond coating interface and at inter- 
nal porosity within the bond-coating (Figure 4-14). This figure 
also indicates that the lower aluminum content Union Carbide bond 
coating exhibited significant oxidation degradation at shorter times 
and lower temperatures. In contrast, TBCs that spalled after only a 
few hours of testing typically exhibited minimal oxidation degrada- 
tion of the bond coating (Figure 4-15). This figure also indicates 
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Figure 4-15. Zirconia Delamination from the Bond Coat is 
Caused by Crack Running Parallel to the ZrO./Bond Coat 
Interface, 100X. This Chromalloy Sample Spilled After 59.7 
Hours in the 107 0C Burner Rig Testing. 
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Densif ication of the zirconia by sintering shrinkage (Figure 4- 
14) was also observed. "Mud flat" type cracking was also observed 
in the zirconia coating layer during post-test visual examination, 
which is consistent with constrained sintering shrinkage. As noted 
in section 4.1, zirconia sintering densif ication was associated with 
a reduction in the zirconia toughness. This type of damage was 
observed in both short time and longer time tests conducted above 
about 1050C. 


It was thought that a correlation should exist between the time 
to transition to the lower level of zirconia toughness and the burn- 
er rig data. Therefore, the burner rig data obtained above 1000C 
are compared in Figure 4-11 with the step transition times obtained 
from an analysis of toughness data in Figures 4-4 and 4-5. The cor- 
relation between zirconia toughness transition times and the burner 
rig data is good for the short life burner rig data points, where 
zirconia densif ication (mud flat cracking) was observed. 

Comparison of the plasma sprayed and EB-PVD burner rig oxida- 
tion test data in Figures 4-11 and 4-12, respectively, indicated 
that both types of coatings have comparable lives above 1000C. 
Failure mechanisms were also similar for the NiCoCrAlY + 20 percent 
yttria stabilized zirconia EB-PVD TBC systems. As indicated in Fig- 
ure 4t16, significant bond coating oxidation occurred in the longer 
tests. When significant oxidation occurred, the cracks associated 
with zirconia layer spalling propagated along the alumina scale or 
in the adjacent, relatively dense, non-columnar zirconia layer. 
Short time tests at 1170C indicated that the inner portion of the 
columnar zirconia had densified, which would increase stresses with- 
in the zirconia and the interface (Figure 4-17). This figure also 
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Figure 4-16. Oxide Scale Growth Contributes to EB-PVD TBC 
Degradation. 
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Figure 4-17. inner Portion of EB-PVD Zirconia was 
Densified After 47 Hours in the 1170C Oxidation Test, 200X 
Magnification. 
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illustrates that bond coating oxidation was minimal for the short 
time failures. 

In two instances, short time failures occurred at lower temper- 
atures. A review of process records at Temescal indicated that 
these specimens had been coated at reduced oxygen bleed levels. It 
is thought that subsequent exposure of the oxygen deficient zirconia 
microstructure to high temperature air resulted in some volumetric 
expansion of the columnar grains, which reduced or eliminated the 
strain accommodating intercolumnar gaps and resulted in significant- 
ly increased coating stresses. This processing deficiency was sub- 
sequently eliminated. The two questionable data points are indicat- 
ed in Figure 4-12. 

In burner rig tests conducted at 945 and 780C with sea salt 
ingestion into the combustion air at 0.3 and 3 parts per million, 
reduced zirconia spalling lives were observed for both the plasma 
sprayed and EB-PVD systems as indicated in Figures 4-11 and 4-12. 

Post-test microstructure analysis, however, indicates that the 
salt composition on the specimens may not be typical of salt depo- 
sits anticipated for an engine environment. The majority of the 
salt deposits were confined to the surface of the specimens. Energy 
dispersive x-ray ( EDX ) analysis of salt deposits on the surface of 
the burner rig specimens indicated that the primary constituents of 
the salt layer were S, Ca, and Na (Figure 4-18). Potassium and mag- 
nesium were also observed as secondary constituents. Silicon was 
also observed and was presumably a dust contaminant. 

A comparison of the EDX pattern with the composition of the 
salt that was ingested (Table 4-1) indicates that chlorine is the 
major element that is absent. Chlorine would be lost from the salt 
deposit by evaporation of NaCl or by NaCl reaction with gaseous sul- 
fur oxides to form sulfates and chlorine or HC1 gas. The relatively 
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TABLE 4-1. COMPOSITION OF THE SEA SALT USED IN THE BURNER 
RIG TESTS 


Element 

Weight, % 

Na 

25.25 

Mg 

7.07 

Ca 

1.01 

K 

1.01 

Cl 

58.59 

SO 4 

7.07 
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small Na peak in Figure 4-18 may indicate that significant amounts 
of NaCl evaporated without reacting with gaseous sulfur oxides to 
form sulfates. 

This result may be due to a low partial pressure of sulfur 
oxides in the burner rig test, relative to an engine. The sulfur 
content of the JP4 fuel used in these one atmosphere tests was 0.03 
weight percent. In order to better simulate the SO 2 partial pres- 
sure conditions in a 10 atmosphere turbine, the sulfur content of 
fuel would need to be increased by a factor of ten to about 0.3 per- 
cent. Consequently, in the remaining tests requiring salt inges- 
tion, SO 2 will be added to the combustion air at a level equivalent 
to 0.3 percent sulfur in the fuel. It is anticipated that this 
change will increase the amount of sodium sulfate present in the 
salt and increase the fluidity of the salt. (Salt deposits on the 
specimens did not appear to have been fully molten. The melting 
point of CaSC >4 is about 1300C. ) 

Fresh fracture surfaces were examined in the scanning electron 
microscope and x-ray dot maps for S and Ca, which exhibited the 
strongest peaks in surface salt deposits, were used to detect salt 
penetration into the zirconia microstructure. As expected, the open 
columnar microstructure of the EB-PVD zirconia was associated with 
the greatest amount of salt penetration. Less salt penetration was 
observed in the plasma sprayed zirconia systems at failure. It is 
thought that both types of TBC systems could be improved, with 
respec.t to inhibiting molten salt film damage, by densif ication of 
the zirconia surface. 

4 . 4 Thermal Conductivity 

Thermal conductivity is the critical design property of TBCs, 
which governs heat transfer into air-cooled turbine components. 
Component metal temperatures and thermal strains ate dependent upon 
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the thermal conductivity of the zirconia layer. Therefore, to 
facilitate thermal and stress analyses of engine components, thermal 
conductivity of plasma sprayed and EB-PVD coatings was quantified in 
this program. 

Testing was performed at Dynatech (Cambridge, MA) using the 
comparative method to determine thermal conductivity at 500, 800, 
and 1000C. The specimen geometry is shown in Figure 3-7. The sub- 
strate was instrumented with thermocouples and placed between two 
reference standards of identical geometry Figure 4-19. Each stan- 
dard (heat meter) was instrumented with thermocouples at known fixed 
distances. The composite stack was fitted between an upper heater 
and lower heater of appropriate geometry and the complete system 
placed on a liquid cooled heat sink. A reproducible load was 
applied to the top of the system to ensure intimate contact between 
all components. A thermal guard tube which could be heated or 
cooled was placed around the system and the interspace and surround- 
ings filled with an insulating powder. 

The temperature drop across the coatings was obtained by extra- 
polating internal temperatures of the references and substrate to 
the surface on either side of the coatings. 

By setting the top heater to a temperature higher than the 
lower heater, a temperature gradient was established in the stack. 
Radial heat loss was minimized by establishing a similar gradient in 
the guard tube. The system was allowed to reach equilibrium condi- 
tions after which successive readings of temperatures at various 
points were averaged and evaluated. From this data, heat flux was 
determined and specimen thermal conductivity calculated. 

Thermal conductivity data for the Chromalloy and Klock plasma 
sprayed ytrria (8 weight percent) stabilized zirconia coatings and 
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Figure 4-19.. Schematic Diagram of Comparative Thermal 
Conductivity Test Stack. 
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Temescal EB-PVD yttria (20 weight percent) stabilized zirconia coat- 
ing, provided in Figure 4-20 and Table 4-2, are in excellent agree- 
ment with published data for this coating from other NASA sponsored 
programs. This figure also indicates that the plasma sprayed and 
EB-PVD zirconias are about a factor of thirty lower than a typical 
superalloy, such as Mar-M 247 at about 1000C. Zirconia coatings 
evaluated in this program are also about a factor of 3 lower in con- 
ductivity than dense plasma sprayed zirconia after sintering at 
2000C(6]; this result is attributed to the porosity and sub-critical 
microcracks within the microstructure. 


TABLE 4-2. PLASMA SPRAYED AND EB-PVD ZIRCONIA COATINGS HAVE 
COMPARABLE THERMAL CONDUCTIVITY 



Thermal 

Conductivity 

, W/mK 


Sample 

<a 500C 
( 930F) 

§ 800C 
(1470F) 

<a 1000C 
( 1832F) 

Comments 

T30H-1T 

0.64 

0.68 

0.89 

EB-PVD Z r 02 from Temescal 

T30H-3T 

0.54 

0.56 

0.75 

EB-PVD Z r 02 from Temescal 

K50H-1 

0.58 

0.59 

0.78 

Plasma-sprayed Z r 02 
from Klock 

K50H-2 

0.61 

0.63 

0.74 

Plasma-sprayed Z r 02 
from Klock 

C50H-1 

0.67 

0.69 

— 

Plasma-sprayed Z r 02 
from Chromally 

C50H-2 

0.68 

0.69 

" 

Plasma-sprayed Z r 02 
from Chromally 
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Figure 4-20. Thermal Conductivity Data for Plasma Sprayed 
Yttria (8 Weight Percent) Zirconia and EB-PVD Yttria (20 
Weight Percent) Zirconia are in Excellent Agreement with 
Published Data. 
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4 . 5 Nondestructive Evaluation (NDE) Technologies 

Effective exploitation of TBCs requires that critical materials 
properties be verified. The insulative capability of a TBC is 
dependent upon zirconia thickness and microstructure. Mechanical 
integrity of TBCs is dependent upon the microstructure of the coat- 
ing and the size of critical flaws. Therefore, feasibility of using 
NDE technologies (eddy current, photothermal radiometric imaging and 
scanning photoacoustic microscopy) was assessed for potential to 
verify coating thickness and flaw sizes. Evaluation of these tech- 
niques is discussed in the following paragraphs. 

4.5.1 Eddy Current Evaluation 

An eddy current technique was used to successfully measure the 
thickness of the zirconia layer for both the plasma-sprayed TBC sys- 
tems Chromalloy and Klock and Temescal ' s EB-PVD TBC system. Varia- 
tions in the thickness of the Zr02 coating on the order of 25 to 
50 urn (1 to 2 mils) are detectable. The results of this thickness 
determination study are shown in Figure 4-21. Five points were 
taken for each specimen along with air and the uncoated back of each 
specimen . 

Insulative capabilities of TBCs on turbine components can, 
therefore, be established by using Eddy Current technology to verify 
zirconia thickness and using sample tabs to verify TBC microstruc- 
ture. 

4.5.2 Photothermal Radiometric Imaging 

The experimental study of Photothermal Radiometric Imaging NDE 
technique was conducted by Dr. I. Kaufmann at Arizona State 
University. The experimental apparatus is illustrated schematically 
in Figure 4-22. 
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Figure 4-21. Eddy Current Inspections of EB-PVD and 
Plasma-Sprayed Zirconia Coatings are Comparable. 
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Figure 4-22. Photothermal Radiometric Imaging NDE 
was Evaluated at Arizona State University. 
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Photothermal radiometric imaging was not successful in reliably 
detecting artificial flaws in either plasma sprayed or EB-PVD TBC 
systems. Specimens used for this study were identical to those used 
to measure cohesive and interfacial toughness (Figures 3-6 and 4-1). 
Flaw sizes varied from 0.5 to 6 mm in diameter. Limitations of the 
current technology in photoacoustic radiometric imaging are a slow 
scanning rate which requires a long inspection time and a low signal 
to noise ratio, which limits reliable flaw detection. Results of 
this investigation are described in detail in a separate report, 
which has been provided to the NASA program manager. 

4.5.3 Scanning Photoacoustic Microscopy 

The experimental study of the scanning photoacoustic microscopy 
NDE technique was conducted by Dr. R. Thomas at Wayne State 
University. A schematic diagram of the experimental set-up of this 
technique is shown in Figure 4-23. 

Scanning photoacoustic microscopy was not successful in detect- 
ing artificial flaws in either plasma sprayed or EB-PVD TBC systems. 
Specimens used in this study were identical to those used to measure 
cohesive and interfacial toughness (Figures 3-6 and 4-1). Flaw 
sizes varied from 0.5 to 6 mm in diameter. Results of this investi- 
gation are described in detail in a separate report, which has been 
provided to the NASA program manager. 

Until a viable NDE technique is developed to detect flaws with- 
in a TBC, it will be necessary to experimentally establish maximum 
effective flaw sizes using cohesive and adhesive strength specimens, 
which are coated concurrently with a batch of turbine components. 
This method of establishing flaw sizes was demonstrated in Section 
4.1. 
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Figure 4-23. Scanning Photoacoustic Microscropy NDE 
Technique was Evaluated at Wayne State University. 
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5.0 MAJOR MODE LIFE PREDICTION MODEL DEVELOPMENT 

5 . 1 Analysis Strategy 

The overall objective of this task is to develop mechanistic 
mission-analysis-capable life prediction models for the predominant 
environmental and thermal/mechanical TBC failure modes for prelimi- 
nary design analyses. Since the TBC must be considered early in the 
component design process in order to fully incorporate and exploit 
its benefits, an additional model goal was to drive the preliminary 
TBC life model with component thermal analysis data and simple snap 
acceleration-snap deceleration stress analysis data. This approach 
permits the designer to economically include TBCs into initial iter- 
ations of the blade and vane design process. More refined TBC anal- 
yses for final design lives are the subject of Phase 2. 

A comprehensive strategy (Figure 5-1) to achieve this goal has 
been developed that includes the analyses of the TBC durability on 
both the TFE731-5 HP turbine blades and the burner rig test speci- 
mens. Due to the complex nature of the problems involved, the 
finite element method is deemed to be most effective in promoting 
the in-depth understanding of the essential overall thermal/mechani- 
cal behavior of the TBC systems as well as the interactions between 
the individual material regimes and the interfacial conditions in 
the TBC systems. This approach also interfaces efficiently with 
existing airfoil design methods. 

For computational efficiencies, typical preliminary design (PD) 
finite element models were first constructed to analyze the bulk 
behavior of the TBC systems on the component or specimen. Critical 
locations, in terms of temperatures, stresses, and strains or their 
combinations, can be identified from these PD models. Refined sub- 
models are then constructed for analysis of critical locations. 
Detailed thermomechanical and thermochemical behaviors of the TBC 
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Figure 5-1. NASA TBC Life Prediction Model Development 
Follows Two Paths. 
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systems and the interactions between the individual material regimes 
and the interfacial conditions can then be analyzed via these 
refined sub-models. Major analysis work in this program is being 
performed with ANSYS, a commercially available general purpose 
finite element code. 


Computation of the oxidation life of a TBC system in the pre- 
liminary design model is driven by the component thermal analysis 
and engine power requirements during a mission cycle. 

Molten salt film damage life is calculated using the component 
thermal analysis, engine power requirements during a mission, and 
aircraft altitude (salt ingestion). 

Zirconia spalling associated with thermomechanical stresses is 
calculated based on the analysis of the snap-cycle thermal transi- 
ents as well as the steady-state condition and the rotational loads 
in a mission cycle. Calculated snap-cycle interfacial tensile 
stresses and the largest pre-existing flaw diameter (determined by 
NDE or calculated from bond strength tests) are used to estimate a 
stress intensity factor that the coating must endure without spall- 
ing. As indicated in section 4.1, the fracture toughness of the 
zirconia or the bond coating-zirconia interface is dependent upon 
exposure temperature and time. Time and temperature dependent 
changes in the zirconia or interfacial toughness are calculated 
based on the thermal analysis results of the component and a linear 
cumulative damage model to account for variations in a mission 
cycle. Figure 5-2 is a schematic of the TBC life model that illu- 
strates these three failure modes and the respective temperatures 
regimes at which these failure modes are likely to occur. 

For preliminary component design analyses (Phase I), TBC lives 
are being independently calculated for three operative damage modes: 
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Figure 5-2. TBC Life Model Development is Facilitated by 
Metallic Coating Life Model. 
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o bond coating oxidation 
o molten salt film damage, and 

o thermomechanical stress induced spalling. 


Figure 5-3 illustrates parameters that affect each of these 
three major failure modes. 

The preliminary design TBC life will be assessed via a linear 
damage rule, composed of damages from these three modes during each 
of the mission cycles, assuming no interactions between these fail- 
ure modes; that is 

Life = [ (Life oxid ) _1 + (Life salt ) _1 + (Life stress ) -1 ] -1 

However, the refined sub-models are being constructed to be 
sufficiently flexible and detailed to analyze the interactions 
between these models. Subsequent improvements in Phase 2 of the 
program will incorporate failure mechanism interactions into the 
life prediction model. 

5 . 2 Burner Rig Specimen Finite Element Analysis 

Due to the geometric simplicity, the burner rig specimen is the 
preferred means by which statistically significant TBC failure data 
can be economically generated. It is also the more efficient means 
with which the mechanistic TBC life prediction model can be devel- 
oped . 

Operative temperature ranges for the materials models used in 
TBC life analyses are illustrated schematically in Figure 5-2 and 
quantitatively in Figures 4-11 and 4-12 for plasma sprayed and 
EB-PVD systems, respectively. Figure 5-2 also emphasizes the simi- 
larities and differences between the TBC life model and GTEC's oxi- 
dation/hot corrosion life model for metallic coatings. 
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Figure 5-3 . TBC Life is a Function of Engine 
Materials System Parameters. 
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Figure 5-4 illustrates the logical sequence that the finite 
element analysis of the burner rig specimen is following to achieve 
a preliminary TBC life prediction model. 

A two-dimension ( 2— D ) plane-strain finite element model is 
being built, which contains the metallic substrate (MAR-M247), bond 
coating and zirconia layers. Thermal and stress/strain analyses are 
being performed with this model. Thermal boundary conditions are 
being generated based on measured specimen temperatures. 

Refined sub-models are being constructed to further analyze the 
detailed thermomechanical behavior within each of the material 
regimes, using the results from the 2-D model as the input. The 
sub-models are detailed enough and sufficiently flexible to analyze 
the interactions between the material regimes and the influence of 
oxidation effects on stresses. Figure 5-5 is a schematic represen- 
tation of the burner rig specimen finite element model. 

5 . 3 TFE731 HP Turbine Blade Finite Element Analysis 

To demonstrate the applicability of the TBC life model for tur- 
bine airfoil preliminary design analysis, a TBCed HP turbine blade 
in a TFE731 turbofan engine is being analyzed for a factory engine 
snap-acceleration snap-deceleration test cycle. (As described in 
Section 6, program TBCs have been applied to this blade and are 
being engine tested to provide engine validation data.) 

Analysis of this airfoil is proceeding according to the prelim- 
inary design strategy described in Section 5.1. Thus far, 2-D and 
3-D finite element preliminary design models have been constructed. 
These models are being used to conduct thermal as well as stress/ 
strain analyses. Results are being used to identify critical loca- 
tions . 
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Figure 5-4 . Burner Rig Specimen TBC Life Model is Being 
Developed. 
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Figure 5-5. Burner Rig Finite Element Model will Evolve in 
the Following Steps. 
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Refined sub-models are being built for the critical locations 
identified from the overall models. These sub-models will have the 
capability to analyze the effects of oxidation. Results obtained 
from the sub-models will be used to assess the damage from each of 
the major TBC failure modes, namely, the bond coat oxidation, the 
salt film damage, and the thermomechanical stress-induced failures. 
A linear cumulative damage approach will be taken to predict TBC 
life in Phase I. Interactions between the major failure modes will 
be subsequently incorporated into the detailed design model in Phase 
II. Figure 5-6 illustrates the overall approach of the finite- 
element analysis work of the TFE731-5 HP turbine blades. 

Steady-state thermal and stress analysis of the TBC coated 
blade have been performed for the engine rated condition. The snap- 
cycle stress analysis is in progress for TBCed blades. 

The 2-D and 3-D preliminary design finite element models for 
the airfoil are provided in Figures 5-7 and 5-8. Figures 5-9 and 
5-10 are some of the sample results of the steady-state temperature 
distributions at the mid-span section of the blade at the rated con- 
dition of the engine, with a TBC thickness of 125 urn (0.005 inch). 
There is a 40 to 50C (70F to 90F) drop across the TBC layer at the 
various locations of the sectional profile. 
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Figure 5-6. Three TBC Damage Modes are Evaluated in TFE731 
Blade Analysis. 
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Figure 5-7. TFE731 HPT Blade F.E. Model Incorporates 
Bond Coating and Zirconia Layers. 
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Figure 5-8. TFE731 HPT Blade 3-D F.E. Model Incorporates 
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Figure 5-9. Thermal Analysis of TBC-Coated Blade has been 
Conducted . 
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6.0 ENGINE TEST 

High pressure turbine blades were coated with the program TBC 
systems applied by Chromalloy, Klock, and Temescal, and are being 
"piggyback" tested in a TFE731 turbofan test engine. Data from this 
test is intended to provide data to verify the TBC life prediction 
model . 

The Chromalloy and Temescal applied TBC systems have now accum- 
ulated 75 hours of predominantly snap-cycle testing and are in good 
condition. In contrast, the Klock applied TBC system exhibited 
leading edge spalling after 67 hours of testing (Figure 6-1) and 
were removed for metallographic evaluation. 

Posttest analysis of the failed Klock TBC system on the 
TFE731-5 HP turbine blades revealed that a surface deposit wicked 
into the strain accommodating porosity and microcracks and densified 
the zirconia coating (see Figure 6-2). Densif ication of the zircon- 
ia increases both the elastic modulus and stresses within the zir- 
conia layer. This deposit on the blades was rich in silicon, cal- 
cium, and aluminum. The chemical composition of the deposit is sim- 
ilar to a sample of cement or dust collected near the test cell (see 
Figure 6-3). This indicates that deposits on the TBC are not repre- 
sentative of typical aircraft propulsion engine environments. 

Additional engine testing of the Chromalloy and Temescal TBCed 
blades is continuing. 
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7.0 CONCLUSIONS 

During the second year of this program, GTEC has made signifi- 
cant progress in the development of life prediction methods for 

TBCed turbine airfoils. The status of key program elements are sum- 
marized below; 

o Mission dependent TBC life models are being developed 

o Three operative failure modes are being modeled in Phase I 

o Life models are being developed for plasma sprayed and 

EB-PVD TBCs 

o Life models are calibrated for commercially applied TBC 

systems from Chromalloy, Klock, Union Carbide and Temescal 

o Affordable tests have been developed to calibrate thermo- 
mechanical and thermochemical TBC life models 

o Efficient preliminary design TBC life prediction models 
are being developed and demonstrated for TFE731 turbine 
blades 

o Turbofan testing is in progress to validate TBC life pre- 
dictions . 
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